Composite insulators aged in-service for almost 10 years at the transmission line of 230 kV, in an area where brittle fracture of a composite insulator occurred, were inspected by the micro-computed tomography, µ-CT, and by the scanning electron microscope, SEM. As a result, several cracks with different depths under pollutant scale and confined in silicone housing were detected by the µ-CT. Surface of silicone housing was observed by the SEM. Many randomly oriented cracks from micrometers size were observed. However, larger cracks detected and evaluated by the µ-CT appear essentially perpendicular to the composite rod axis. In order to explain the evolution of those large cracks in composite insulators, a model based on µ-CT and SEM data was proposed.
Introduction
The composite insulators for overhead transmission lines have been used in worldwide and have been replaced the traditional strings of glass and ceramic insulators due to their several advantages, 13) such as more resistance to pollution and vandalism, light weight. However, some of these new insulators have been failed by the catastrophic and not well understood mechanical brittle fracture. 3, 4, 11) Many studies have attributed the cause of brittle fracture as the sum of several factors such as pollution, humidity, UV radiation, intense electric field, corona discharges, which could cause the formation of acids (nitric, sulphuric acids) that would attack the composite rod of insulators due to the stress corrosion crack. Nowadays, there are several types of composite insulators but, basically, they are made of three parts: (i) composite rod of glass fiber reinforced polymer, (ii) housing and sheds of silicone rubber to protect the composite rod and increase the electrical breakdown voltage; respectively and (iii) metallic end-fittings.
Brazilian electric companies, traditionally, have used only cap & pin insulator strings on their transmission lines. However, problems of pin corrosion, vandalism and high pollution have motivated its engineers to looking for an alternative solutions. Specifically, the chesf, has chosen to invest in this technology due to the fact that it allows to overcome some major problems, as are pollution and vandalism. 5) This present investigation was conducted on several inservice aged composite insulators at transmission line of 230 kV by the µ-CT and the SEM techniques in order to understand in detail the mechanism of cause of brittle fracture of composite insulators.
Materials and Methods
In this study, eight composite insulators employed at the transmission line of 230 kV for almost 10 years were previously investigated by the computed radiography. 6 ) At the present investigation, a section of 500 mm in length was cut from the selected composite insulator, which was fully covered with pollutant scale, as shown in Fig. 1 .
The microtomography setting that was used for composite insulator investigation was developed at BAM ® Federal Institute for Materials Research and Testing, Berlin, Germany. The X-ray source was X-ray micro-focus tube (Comet-Feinfocus Business Unit of 225 kV), and amorphous silicon flat panel detector with a resolution of 2048 © 2048 pixels (200 µm pixel size) as image detector. The tube voltage for imaging was 120 kV. Depending on the setting, the system allows µ-CT inspection with the spatial resolution up to 5 µm using the method of cone beam. A total of 900 tomograms were obtained by rotating the sample, which were processed and reconstructed into 2D images by a software developed by BAM.
In order to observe the surface of silicone rubber housing in detail, a high magnification images were obtained by the SEM at the Laboratory for Devices and Nanostructures (LDN), Department of Electronic Engineering, Federal University of Pernambuco, using the SEM microscope model JEOL JSM 6460, with 20 kV accelerating voltage in a vacuum. The sample for the SEM analysis was removed from the composite insulator and it was coated with a nanometric carbon layer by Carbon Coater 108/A of Cressington to avoid "charge-up", that degrades the image quality.
Results and Discussion

Inspection by the micro-computed tomography
Inspection of composite insulators conducted by the computed radiography, crack-like image were detected in silicone housing of four composite insulators. All cracks were found between the end fitting and the first shed. Moreover, all cracks were found arranged perpendicularly to the composite rod of insulators. 6) In order to obtain more detailed information on morphology of cracks and actual spatial location, one insulator was selected, Fig. 1 , it was examined by the micro-computed tomography.
A sequence of tomographic images is shown in Fig. 2 , which allows to evaluate the amount of cracks, arrangement and depth of each one. The cracks are arranged perpendicularly to the composite rod, as was observed with computed radiographic systems. 6) However, the number of cracks observed in the sample is higher than observed by the computed radiography, because the better resolution of microtomography system. The deeper crack is close to composite rod. Figure 3 shows the cross-sections of composite insulator. Extension of crack propagation can be visualized. The mechanism of crack propagation by the tomographic images can be attributed as corrosion crack of silicone housing under stress, SCC.
Another interesting result is a lack of concentricity between composite rod and silicone rubber housing, as shown in Fig. 4 . The quantitative evaluation of the thickness of silicone rubber was performed using dedicated software Isee! software, which was developed by BAM. In order to compare the result, Fig. 5 shows an actual cross-section of the composite insulator. A negative consequence of this lack of concentricity with thickness less than 3 mm, in practice, it would compromise the service lifetime of composite insulators, if the crack reaches the composite rod, the acid generates attack the composite rod and promote probable brittle fracture of composite insulators.
Observation of silicone housing surface by the SEM
Typically, the core of a composite insulator is protected from the environment by a rubber insulating housing. It is well known that actions such as UV radiation, heat, rain, accumulation of pollutants, intense electric field, corona discharge and resulting electrical arcs degrade the silicone surface, leaving it more brittle and leading to the generation of cracks.
714) The SEM surface inspection of the composite insulator, that had cracks, was carried out in order to evaluate the its integrity, in micrometric scale, the composite insulator surface. From the images obtained by SEM, submicron cracks were observed in different regions of the silicon surface (Fig. 6 ), which were not detected by the technique of computed microtomography.
A result of the superficial surface analysis by the SEM, with submicrometer resolution, it was observed the occurrence of cracks with different lengths in different orientations in composite insulators. However, it was observed that only the larger cracks are arranged perpendicularly to the axis of the rod, which were detected by the CR ® computed radiography 6) and in more detail, with the µ-CT technique. The development of a simplified model to explain the predominance of larger cracks arranged perpendicularly to the axis of the rod in silicon was based on mechanical tension resulting from the load applied on the composite insulator due to the weight of the electric cable conductor. It is known that the weight of the conductor is supported primarily by the composite rod, but a portion of the mechanical stress is transferred to silicone as a function of elastic deformation resulting from the composite rod through the adhesion of silicone to the outer wall of the rod. The resulting tension in the silicone is traction. The classical equation relating the elastic deformation resulting in function of the applied tension is the Hooke's equation, which is given by:
Where, · is the tension applied to the crown of silicone surrounding the composite rod due to the load resulting from the weight of the cable. E is the module of elasticity of silicone and ¾ is the resulting deformation. In the area of physical contact/adhesion, the resulting tensile stress should be greater, but reducing as it departs from the contact region. Although the tension is not strictly uniform, and depending on the thickness of the wall of silicone, from 2 to 4 mm, there is propagation of tensile stress near the outer silicone surface. Because of the degradation occurs from the silicone surface, cracks with fissures arranged perpendicular to the axis of the rod should propagate faster. A model about crack propagation perpendicular to the axis of the rod is shown in Fig. 7 .
(b) (a) Fig. 6 The SEM images of composite insulator surface (a) 1500© and (b) 5000©. Arrows indicate submicro-cracks arranged in different directions. 
Conclusion
This study aimed to inspect the composite insulators aged in-service at the transmission line of 230 kV for almost 10 years by the µ-CT and the SEM techniques in a laboratory in order to understand the brittle fracture due to the stress corrosion crack. At the first glance, the surface of the composite insulators was completely covered with pollutant scale, that did not allow to see any kinds of surface damages such as scratches, crack, even using powerful microscope. From results of the µ-CT and the SEM images analysis, the following conclusions were obtained.
(1) Under the pollutant scale, not visible damage by the naked eyes, several milimetric and sub-milimetric cracks in silicone rubber housing were detected by the µ-CT and many detailed information could be obtained from those images such as how deep was the crack and how close it was to the composite rod. It is well known that under the strong electric field the nitric acid is continuously produced and composite rod is attacked by acid under stress. If the detected cracks in silicone housing reach the composite rod the nitric acid can cause corrosion crack and, consequently, the brittle fracture of composite rod putting the cable to ground. (2) The mechanism of cracks generation of submicron to micrometer order on the silicone surface as observed by the SEM images is not well understand yet. However, the larger cracks detected by the µ-CT, which the propagation has a preferential orientation, essentially perpendicularly to composite axis, can be attributed to mechanical stress resulted of electrical conductor cable weight, that can reach 99.5 MPa.
